A broadband dual circularly polarized magnetoelectric dipole antenna (MEDA) fed by a miniaturized six-branch hybrid coupler (SBHC) is presented in this paper. First, a dual linearly polarized MEDA with a bandwidth of 73.3% is developed based on the previous design with a bandwidth of 52%. The SBHC, with a miniaturized size of 53%, is designed on a printed circuit board underneath the ground of the MEDA, which possesses an efficient bandwidth of 80.7% to generate the antenna for dual circular polarization. Measurement results show that the proposed dual circularly polarized MEDA achieves an impedance bandwidth of 84.5%, an axial-ratio bandwidth of 81.8%, and a nearly symmetrical, stable unidirectional radiation pattern with an average gain of 8 dBic over its impedance bandwidth.
Introduction
Circularly polarized (CP) antennas have significance in modern wireless communications, such as satellite communication, global positioning system (GPS), radar system, radio frequency identification (RFID), wireless local area network (WLAN), and long term evolution (LTE), due to the flexibility without polarization mismatch, multipath fading, and faraday rotation effect. Dual CP antennas can realize both right hand circular polarization and left hand circular polarization, and thus they are valuable for the miniaturized systems with frequency reuse or polarization diversity. Broadband antennas represent the challenging issues for high-capacity communication, high-speed data-rate communication, or interoperating several systems within the same module. Therefore, broadband dual CP antennas are valuable and promising for the increasing requirements of wireless communications. In addition, the antennas with unidirectional, symmetrical, and stable radiation patterns are advantageous for such systems due to the high coverage efficiency.
Broadband dual CP antennas can be transformed from conventional broadband CP antennas. With reference to spiral antennas, many configurations have been designed for dual circular polarization at the expense of degraded array efficiency due to a halved effective use of space [1, 2] , sacrificing gain by the resister load [3] , and complex, bulky feeding networks [4, 5] . Helix is another traditional broadband CP antenna and dual circular polarization can be generated through two ports in both ends, but orthogonal polarization operates at separate bands [6] . A dual CP slot antenna achieved a 3-dB axial-ratio (AR) bandwidth of approximately 60%, within which return loss and isolation were better than 10 dB and 15 dB, respectively, but with bidirectional radiation [7] . Patch antennas are generally narrow band radiators, few of which are developed to realize broadband dual CP antennas. A dual CP patch generated by cross slots via a transmission line underneath the ground plane attained a 3-dB AR bandwidth of 48% and a 15-dB return loss bandwidth of 60%, at the cost of low isolation and gain [8] . Hybrid coupler is a popular scheme applied to patch antennas for wideband dual circular polarization. Nevertheless, the bandwidth of normal hybrid couplers is still limited. On the other hand, broadband multibranch hybrid couplers occupy a large area. Therefore, the hybrid couplers exceeding three branches are rarely adopted in antennas for dual circular polarization. A three-branch periodic hybrid coupler with an approximate 35% miniaturized size was designed to generate a circular patch for dual circular polarization, which 2 International Journal of Antennas and Propagation obtained an overall bandwidth of 14.7% [9] . Consequently, it is necessary to develop a novel configuration rather than a traditional antenna for excellent performances of broadband dual circular polarization.
Magnetoelectric dipole antennas (MEDAs) with broadband and symmetrical, stable unidirectional radiation patterns have been widely investigated and some designs for circular polarization have been reported recently. A MEDA formed by two bowtie patch antennas and two electric dipoles achieved an impedance bandwidth of 41% and a 3-dB AR bandwidth of 33% [10] . A crossed dipole loaded with a magnetoelectric dipole can exhibit an impedance bandwidth of 60% and a 3-dB AR bandwidth of 27% [11] . An antenna composed of two cross-placed magnetoelectric dipoles and a feeding network comprising a wideband 90 ∘ Schiffman phase shifter achieved a 10-dB return loss bandwidth of 85.7% and a 3-dB AR bandwidth of 61.5% [12] . A MEDA fed by a single Γ-shaped probe attained an impedance bandwidth of 73.3% and a 3-dB AR bandwidth of 47.7% [13] . A dual linearly polarized (LP) MEDA, excited by a power divider and a broadband 90 ∘ phase shifter, obtained an impedance bandwidth of 90% and a 3-dB AR bandwidth of 82% [14] . A 60 GHz aperture coupled MEDA fed by a transverse slot etched on the broad wall of a section of shorted-end substrate integrated waveguide (SIW) showed an impedance bandwidth of 28.8% and a 3-dB AR bandwidth of 25.9% [15] . However, these MEDA designs mentioned above are all based on single circular polarization.
In this paper, a broadband dual CP MEDA is proposed for the first time. The antenna is realized by a dual LP MEDA excited through a 3-dB six-branch hybrid coupler (SBHC) with a 53% miniaturized size, which achieves an impedance bandwidth of 84.5% and a 3-dB AR bandwidth of 81.8%. Additionally, the antenna possesses a nearly symmetrical, stable unidirectional radiation pattern with an average gain of 8 dBic across its impedance bandwidth. The remainder of this paper is organized as follows. Section 2 explains the basic design of the presented antenna. In Section 3, a prototype is fabricated and the performances are verified based on the experiment. Finally, the conclusion is given in Section 4.
Broadband Dual CP MEDA Design
The configuration of the dual CP MEDA is illustrated in Figure 1 , which is composed of a dual LP MEDA and a miniaturized 3-dB SBHC. The SBHC is located below the ground of the dual LP MEDA, and the two output ports of the SBHC are connected to the Γ-shaped probes through the holes on the ground.
Figures 1(b), 1(c), and 1(d) show the configuration of the dual LP MEDA, which is constructed by four horizontally oriented square metallic plates, four vertically oriented shorted patches, two orthogonal Γ-shaped probes, and a square ground. The four square metallic plates, with the same side length L d and thickness t d , are shorted to the ground through the vertical walls of the four shorted patches, with the length L m , the width W m , and the height H m . Both the metallic plates and shorted patches are located uniformly, and they perform as crossed electric and magnetic dipoles [14] . The two Γ-shaped probes are placed orthogonally in the gaps of the shorted patches. Each Γ-shaped probe, made by folding a straight metallic strip of rectangular cross-section into a Γ-shape, consists of three portions, namely, portion 1, portion 2, and portion 3, the corresponding function of which can be found in [16] . Compared to the dual LP MEDA introduced in [14] , the antenna has three improvements on the Γ-shaped probes and ground, to broaden its bandwidth and make its structure symmetrical for broadband dual circular polarization. First, portion 2 of the Γ-shaped probes is placed parallel to the horizontally oriented metallic plates to introduce another resonance frequency for a broader impedance bandwidth, which will be detailed later. Second, the Γ-shaped probes are symmetrical with the exception of the lengths of portion 1, which have a slight difference equal to t d . Nevertheless, the Γ-shaped probes in the previous design have different values in all dimensions, and five more variations are required. As a result, the antenna with symmetrical structure is more suitable to construct dual CP MEDA and has fewer variations for rapid optimization. Third, the four surrounding walls of the ground are removed, by which the antenna will have a lower quality factor and a wider bandwidth than the previous design.
Figures 1(e), 1(f), and 1(g) demonstrate the microstrip circuit of the miniaturized 3-dB SBHC, which consists of a thick ground, hollows, and microstrip lines from the bottom-up. The ground with thickness t g is located below the substrate. The rectangular hollows are placed underneath the stubs required high characteristic impedance in the SBHC design, with depths 1 and 2 , lengths 
Dual LP MEDA Design Concept and Parametric Study.
MEDAs are more suitable for base stations, and the operating frequencies of the second-generation (2G), 3G, LTE mobile communications and handsets fall into the 0.698-2.65 GHz frequency band [17] . The dual LP MEDA is designed to operate at the lower band. The antenna is investigated and optimized by CST microwave studio software, and the optimal parameters are listed in Table 1 . Owning to the nearly symmetrical structure, only the antenna excited through the Γ-shaped probe with the lower height of H f is investigated for brevity.
To demonstrate the effect of paralleling the Γ-shaped probes to the horizontally oriented metallic plates, the reflection coefficient of the dual LP MEDA varying with the lower height H f of the Γ-shaped probes is illustrated in Figure 2 , while the other parameters remain constant. It can be observed that the antenna has three resonance frequencies at approximately 0.75 GHz, 1.1 GHz, and 1.4 GHz, when H f = H m = 68 mm, with the Γ-shaped probes parallel to the metallic plates. However, when H f is decreased to values lower than the height H m of the metallic plates in decrement of 10 mm, the impedance bandwidth of the antenna is gradually narrowed. The lower resonance frequency at approximately 0.75 GHz disappears and the higher resonance frequency at approximately 1.4 GHz shifts past 1.6 GHz, when H f is less than 48 mm. As a result, the antenna becomes the design given in [14] , which has only two resonance frequencies and a narrower impedance bandwidth. The antenna achieves a simulated impedance bandwidth of 73.3% for the reflection coefficient less than −10 dB, covering the band from 0.68 GHz to 1.54 GHz, whereas the previous design obtains a bandwidth of 52% for the SWR less than 2.
To better understand the performances of the dual LP MEDA, the current distribution and important parameters including the side length L d of the metallic plates and the height H m of the shorted patches are analyzed by CST. The other parameters in Table 1 remain unchanged, while each individual parameter is varied. Figure 3 displays the current distribution of the dual LP MEDA excited through the Γ-shaped probe with the lower height of H f at the three resonance frequencies. At the centre frequency of 1.1 GHz, the antenna operates as a perfect magnetoelectric dipole, with the magnetic and electric dipoles of nearly the same amplitude and a 90 ∘ phase difference. However, the antenna works at a hybrid mode of electric and magnetic dipoles at the lower resonance frequency of 0.75 GHz, with the magnetic dipole excited at time t = 0 and both the magnetic and electric dipoles generated at time t = T/4 (T is a period of time). This phenomenon also appears at the higher resonance frequency of 1.4 GHz, and higher modes are also generated at this frequency. Fortunately, the hybrid International Journal of Antennas and Propagation mode of electric and magnetic dipoles still dominates at 1.4 GHz. Figure 4 shows that the reflection coefficient and gain of the antenna vary with the side length L d of the metallic plates. Across the frequency band from 0.6 GHz to 1.6 GHz, all the three resonance frequencies shift down as L d becomes longer. It can be observed that the reflection coefficient at the higher band is sensitive to L d , because both the electric dipole and higher modes of the antenna are influenced by the length. Moreover, the gain reduces at the higher band while L d increases, which is primarily caused by the increasing higher modes. Considering the reflection coefficient, gain, and the associated efficient bandwidth, L d = 72 mm is the optimal choice. Figure 5 shows that the reflection coefficient and gain of the antenna vary with the height H m of the shorted patches, while keeping portion 2 of the Γ-shaped probes parallel to the metallic plates. The impedance bandwidth has limited change when H m varies from 65 mm to 68 mm but narrows significantly while H m approaches 71 mm. The gain also reduces at the higher band while H m increases, but the range of change is smaller than that from varying the side length L d of the metallic plates. Considering the reflection coefficient, gain, and the associated bandwidth, H m = 68 mm is selected.
The investigations above are summarized as follows. The impedance matching at the lower band can be broadened by paralleling the Γ-shaped probes to the metallic plates to introduce another resonance frequency. The impedance at the higher band is primarily determined by the side length L d of the metallic plates. The gain at the higher band rapidly drops, primarily due to the increasing higher modes generated on the metallic plates. It can be observed that the gain at the lower band slowly reduces, which is caused by the hybrid mode of the magnetic and electric dipoles with an imperfect combination [18] .
Miniaturized 3-dB SBHC Design and Performances.
Multibranch hybrid coupler is a conventional method to realize broadband hybrid coupler. The circuit model for multibranch hybrid coupler is illustrated in Figure 6 [19] . The impedance of the stubs is donated by 1 , 2 , . . . , and the main line impedance by 1 , 2 , . . . , . The lengths of each stub and main line are g /4 ( g corresponds to the transmission line guide wavelength). Based on the synthesis method presented in [19] , a symmetrical 3-dB SBHC is designed for the feeding circuit of the dual CP MEDA, and the theoretical characteristic impedance of the stubs and main lines is listed in Table 2 . In principle, the multibranch hybrid coupler can be designed on various types of transmission lines, whereas the one designed on printed circuit board (PCB) has become Table 2 : The theoretical characteristic impedance of the stubs and main lines of the 3-dB SBHC (unit: Ω). main stream due to the advantages of low profile, simple fabrication, and low cost. In Table 2 , it can be found that the maximum characteristic impedance of the stubs is 254 Ω, approximately 9 times the minimum of 28 Ω of the main lines.
Realizing high characteristic impedance is the most difficult problem of the multibranch hybrid coupler designed on PCB. For high characteristic impedance, the ratio of the microstrip line width to the thickness of the substrate is required to be sufficiently small. The ultimate limit for normal PCB fabrication is 0.2 mm and the thickness of the substrate is also limited, which leads to the highest characteristic impedance realized by traditional PCB that is approximately 130 Ω [20] . In this design, the rectangular hollows are placed underneath the stubs which required high characteristic impedance, to obtain the sufficiently small ratio of the microstrip line width to the thickness of the equivalent substrate. Based on the theoretical characteristic impedance in Table 2 , the SBHC is designed and optimized by CST, and the optimal parameters are listed in Table 1 . The final length of the SBHC is 132 mm, whereas the total length without folded lines is 250 mm. As a result, the presented SBHC gains a miniaturized size of 53% through folding main lines. Moreover, with this method, the stubs with different widths W an ( = 1-3) can have different lengths of L an ( = 1-3) to achieve the identical electrical length of g /4. Therefore, improved performances of the SBHC can be achieved with folded lines.
The SBHC was fabricated and measured according to the parameters in Table 1 and the picture is shown in Figure 8(a) . The simulated and measured S parameter is shown in Figure 7 . In Figure 7 (a), the measured common reflection coefficient bandwidth of the two ports is 88.4% across the band from 0.6 GHz to 1.55 GHz for both 11 and 22 less than −10 dB and covers the impedance bandwidth of the dual LP MEDA. Figure 7(b) shows the amplitude of 21 and 31 . The measured amplitude difference between 21 and 31 is less than 2.2 dB during the band from 0.65 GHz to 1.53 GHz. Figure 7 (c) shows the phase difference between 21 and 31 , which is within 84 ∘ -93.7 ∘ from 0.6 GHz to 1.53 GHz. In Figure 7 (d), the measured isolation of 41 is higher than 11.6 dB during the observation band from 0.6 GHz to 1.6 GHz. Consequently, the SBHC obtains an efficient bandwidth of 80.7% from 0.65 GHz to 1.53 GHz. The measured insertion loss of the SBHC is less than 0.68 dB over the efficient bandwidth. It should be noted that the emphases of the synthesis method and optimization adopted in this design are for the widest bandwidth and the minimum amplitude difference between 21 and 31 over the band, at the expense of the relatively lower isolation. The measured results have some divergences compared to the simulations, which are caused by fabrication errors, assembly errors, and inaccuracy in determining the permittivity of the substrate.
Results
The dual CP MEDA was fabricated and measured based on the parameters in Table 1 . The pictures of the dual CP MEDA and 3-dB SBHC are shown in Figure 8(a) . The simulation and measurement results including the S parameter, radiation pattern, gain, and AR are compared and discussed. 
The normalized radiation patterns of the dual CP MEDA at the frequencies of 0.7 GHz, 1 GHz, 1.3 GHz, and 1.5 GHz.
less than −10 dB is 84.5% across the band from 0.6 GHz to 1.53 GHz. The measured isolation of 21 between the two ports is greater than 6.6 dB during the observation band. The low isolation between the two ports is primarily due to two reasons. First, the isolation of the SBHC is only higher than 11.6 dB across the band. Second, the input impedance of the Γ-shaped probes is not exactly equal to 50 Ω as the load of the SBHC, which will deteriorate the isolation. The simulated and measured results are well matched, except at a few frequencies. With reference to the requirements of a broadband antenna, those deviations are acceptable. Figure 9 depicts the normalized radiation patterns of the dual CP MEDA in phi = 0 ∘ and phi = 90 ∘ planes at the frequencies of 0.7 GHz, 1 GHz, 1.3 GHz, and 1.5 GHz.
The radiation patterns with a 3-dB beamwidth of approximately 65 ∘ remain nearly symmetrical and stable across the band except at 1.5 GHz, where slight deterioration occurs in both planes due to the higher modes. It can be observed that both the worst back radiation and cross-polarization are approximately −10 dB at the lowest and highest frequency of 0.7 GHz and 1.5 GHz, respectively. The higher back radiation at 0.7 GHz is due to two reasons. First, the magnetic and electric dipoles with an imperfect combination form the hybrid mode [18] . Second, the ground has an electrical length that is only 0.63 o ( o corresponds to the wavelength in air) at this frequency. At 1.5 GHz, the higher back radiation is caused by the spurious radiation from the SBHC below the ground. The lower cross-polarization at 0.7 GHz and 1.5 GHz is due to the imperfect feeding from the 3-dB SBHC. The measured results are well matched with the simulations. Figure 10 shows the gain and AR at the zenith of the dual CP MEDA. The gain is higher than 6 dBic and has an average value of 8 dBic within the impedance bandwidth from 0.6 GHz to 1.53 GHz. The gain reaches a maximum of 9.1 dBic at 1.3 GHz and drops down when the frequency shifts past 1.3 GHz. That is due to the radiation pattern deteriorating while the frequency exceeds 1.3 GHz. The measured gain at some frequencies is lower than the simulation results, which is attributed to the losses not considered in the simulation. The measured 3-dB AR bandwidth at the zenith is 81.8% across the band from 0.63 GHz to 1.53 GHz. The measured AR diverges simulation results over the band, which is due to the processing, assembly, and measurement errors.
Conclusion
In this work, a broadband dual CP MEDA is realized by a dual LP MEDA excited through a miniaturized 3-dB SBHC, which achieves an impedance bandwidth of 84.5% and a 3-dB AR bandwidth of 81.8%. By paralleling the Γ-shaped probes with the metallic plates, the bandwidth of the dual LP MEDA broadens largely through introducing another resonance frequency. The imperfect feeding from the 3-dB SBHC deteriorates the cross-polarization of the antenna, which can be reduced by changing the square metallic plates to rectangular plates for fine-tuning. In addition, the methods to achieve high characteristic impedance and miniaturization adopted in the design of the SBHC can be used in other designs of multibranch hybrid couplers.
